The mechanism for H 2 S-CeO 2 (111) interactions in solid oxide fuel cells (SOFCs) has been investigated by using periodic density functional theory (DFT) calculations. In order to properly characterize the effect of the localization of Ce 4f states on the interactions, DFT + U calculations were applied. Adsorption of H 2 S, SH, and atomic S was initially examined to locate energetically favorable intermediates. The species adsorb favorably at the Ce-top, O-top, and Ce-O bridging sites, respectively. Potential energy profiles for the H 2 SCeO 2 (111) interactions along the three product channels producing H 2 , H 2 O, and SO 2 were constructed using the nudged elastic band (NEB) method. Calculations show that H 2 S weakly bounds on CeO 2 (111) with a small binding energy, followed by dehydrogenation processes, forming surface sulfur species with an exothermicity of 29.9 kcal/mol. Molecular-level calculations demonstrated that the SO 2 -forming pathway is energetically most favorable.
Introduction
Solid oxide fuel cells (SOFCs) have been attractive technologically because of their high-energy efficiency and the possibility of the direct utilization of a variety of fuelssnatural gas, liquid fuels, gasified coal, and biofuels. [1] [2] [3] [4] [5] [6] However, most of commercially available fuels contain small amounts of impurities such as sulfur-containing compounds that can degrade SOFC anodes. [7] [8] [9] [10] [11] Even though Ni/YSZ (yttria-stabilized zirconia; 8 mol % Y 2 O 3 ) cermet anodes in SOFCs are very active to fuel oxidation, it is easily poisoned by low concentration of sulfur under SOFC operating conditions (600-1000°C). 4, 6 Therefore, it is very crucial to develop novel sulfur tolerant SOFC anodes with high catalytic activity. It is known that sulfur poisoning results from either the formation of atomic sulfur (S) or nickel sulfide (Ni 3 S 2 ) through the decomposition of hydrogen sulfide (H 2 S). 12 In recent years, various experimental studies [13] [14] [15] [16] [17] [18] [19] for the development of sulfur-tolerant anode materials have been reported. Choi and co-workers 20, 21 computationally demonstrated that Cu-based anodes are more sulfur tolerant than Ni-based electrodes by comparing their adsorption energies. 22 Marquez et al. 23 reported that H 2 oxidation kinetics can be inhibited by H 2 S addition using cluster-model approaches. Despite the high electrical conductivity and sulfur tolerance of Cu, it is not directly applicable for SOFCs due to its low catalytic ability toward fuel oxidation. He and co-workers recently reported that Cu/CeO 2 /YSZ cermet anodes can sustain up to 450 ppm of H 2 S at 1073 K. 9 However, to the best of our knowledge, no molecular-level study on H 2 S-CeO 2 interactions is available although understanding of the detailed mechanism of the interactions at the molecular level is very important. In this study, we elucidate the H 2 S-CeO 2 interactions microscopically using periodic density functional theory (DFT). On the basis of energetically stable intermediate species for the interactions, detailed minimum-energy paths (MEPs) for all low-lying reaction pathways have been characterized and are reported herein.
Computational Methods
We applied DFT plane wave calculations as implemented in the Vienna ab initio simulation package (VASP) package 24, 25 with the projector augmented wave method (PAW). 26 The generalized gradient approximation (GGA) with the PerdewWang 91 (PW91) exchange-correlation functional [27] [28] [29] was used. All the calculations were carried out using the Brillouim zone sampled with a (3 × 3 × 1) Monkhorst-Pack 30 mesh k-points grid, and a cutoff energy of 400 eV was used. It has been demonstrated [31] [32] [33] [34] that DFT methods are not suitable for the study of reduced ceria due to the presence of the self-interaction error (SIE). Thus, in this study the DFT + U method 35 was applied in order to accurately correct the strong on-site Coulomb repulsion of Ce 4f states. [31] [32] [33] [34] 36 We used U and J of 7.0 and 0.7 eV, respectively, which are consistent with those reported by Jiang and co-workers. 37 For the surface model, we examined only CeO 2 (111) to characterize the H 2 S-CeO 2 interactions because CeO 2 (111) is energetically the most stable [38] [39] [40] among the low-index CeO 2 (111), (110), and (100) surfaces. As shown in Figure 1 , the CeO 2 (111) surface model with 12 atomic layerssa p( 3 × 2) lateral cellswas constructed. The bottom six layers of the surface model were fixed to the estimated bulk parameters, while the remaining layers were fully optimized. A vacuum space greater than 15 
Results and Discussion
Plausible intermediates for the H 2 S-CeO 2 interactions were initially optimized by placing H 2 S, SH, or S species at five different active sites on the (111) surface, including "Ce-top", "O-top", "Ce-Ce bridge", "O-O bridge", and "O sub -top", corresponding to I, II, III, IV, and V, respectively, as illustrated in Figure 1b . All optimized structures are presented in Figures 2 and S1. Table 2 displays the adsorption energies and geometric parameters of adsorbed H 2 S, SH, and S on the CeO 2 (111) surface. Furthermore, to examine the difference between DFT and DFT + U methods, we compared structures and energetics as compiled in Table 2 . The adsorption-energy calculations demonstrate that the effects from DFT and DFT + U calculations for the intermediates adsorbed on partially reduced ceria surfaces are significant, while those on perfect CeO 2 for molecular H 2 S adsorption are negligible (<0.3 kcal/ mol). In the following, we will discuss the mechanistic details based on the DFT + U results. Figure 2 are the optimized intermediates for H 2 S adsorption with hydrogen up, down, or parallel to the surface. Table 2 gives geometrical information and adsorption energies for stable configurations. The calculated energies of adsorbed H 2 S species (I-H 2 S-u-p, I-H 2 S-p [LM1], and IV-H 2 Sd) are close to the average bond energy errors of the GGA method (∼2.0 kcal/mol). 50 However, we assumed that they are weakly bound intermediates on the surface via molecular adsorption and connectable to chemisorbed species even though the DFT method used in this study may not be suitable to describe van der Waals interactions. 51 A variety of energetically unstable intermediates are shown in Table S1 and Figure S1 in the Supporting Information. For brevity, "u", "d", and "p" denote hydrogen up, down, and parallel to the surface, respectively. As summarized in Table 2 , the I-H 2 S-p configuration is the most stable with an adsorption energy of -3.5 kcal/mol, similar to a previous study 52 Table 2 . While H 2 S preferentially adsorbs on the Ce-top site, the most stable configuration for SH adsorption is located at the O-top site. For the II-SH and III-SH structures with adsorption energies of -34.4 and -32.0 kcal/mol, respectively, their S atom is bound to an O anion of the surface with their S-O distance of 1.674 and 1.681 Å, respectively. Due to the strong overlaps between p orbitals of the S atom and surface O anions, the S-O covalent bonds result in higher absorption energies compared to those of I-SH, IV-SH, and V-SH (-9.0, -6.0, and -2.3 kcal/mol, respectively). In addition, the strong S-O bond produces much relaxation of the surface, especially for the surface O anions bonded to the sulfur atoms, resulting in the protrusion by approximately 0.37-0.43 Å from the surface. The Ce-S bond length of I-SH (3.019 Å) is slightly shorter than that of I-H 2 S-p for H 2 S adsorption (3.281 Å).
Adsorption of H 2 S, SH, S, and H on CeO 2 (111). H 2 S Adsorption. Shown in
For S adsorption, the S atom which is placed on the Ce-top site (I-S) diffuses to a Ce-O bridge site as shown in Figures 2 and S3. Table 2 shows that I-S with the adsorption energy of -54.5 kcal/mol is the most stable, while II-S, III-S, and IV-S have the energies of -46. Regarding H adsorption, we optimized two configurations on the Ce-and O-top sites. Similar to a recent theoretical result by Vicario and co-workers, 53 the H atom adsorbs preferentially on the O-top site with an absorption energy and O-H distance of -78.7 kcal/mol and 0.973 Å, respectively, which are in agreement with their results of -82.1 kcal/mol and 0.97 Å, respectively.
Reaction Mechanism of H 2 S-CeO 2 (111) Interactions.
To characterize probable reaction pathways of the H 2 S adsorption/decomposition processes on the CeO 2 (111) surface, we applied energetically the most stable configurations obtained from the H 2 S, SH, and S adsorption (I-H 2 S-p, I-SH, and I-S, respectively) to map out the MEPs using the NEB method by connecting the local minima. Figure 3 shows the optimized structures of intermediates, transition states, and products, while Figure 4 represents schematic potential energy profiles based on the NEB calculations. As shown in Figure 4 , H 2 S initially adsorbs on the surface without a tight transition state, producing LM1 with an exothermicity of 3.5 kcal/mol, followed by the Figure S4 ), whereas the breaking S-H and forming O-H bonds are 1.399 and 1.632 Å, respectively.
According to previous studies 54, 55 for the electrochemical reaction of H 2 S on Ni/YSZ, an SO 2 -forming process is thermodynamically the most probable under SOFC conditions, implying that the surface adsorbates formed from the H 2 SCeO 2 interactions can further react with oxygen anions (O 2-). After the dehydrogenation reactions, a reaction pathway can take place by overcoming a 20.1 kcal/mol reaction barrier at TS3 with an S-O bond of 2.541 Å, producing LM4 and an oxygen vacancy with 39.6 kcal/mol exthothermicity. Then, an oxygen anion from the surface can react with the SO species of LM4, generating LM5 with an SO 2 surface species and two oxygen vacancies via TS4 with a reaction barrier of 16.6 kcal/ mol. The S-O bond lengths of LM5 are 1.537 and 1.536 Å, which are slightly longer than that of free SO 2 . (1.454 Å, see Table 1 ). Further elongation of the Ce-S bond of LM5 produces the SO 2 + CeO 2-x (P1) products without a well-defined reaction barrier. The overall reaction energy for the formation of SO 2 + P1 is exothermic by 9.1 kcal/mol. In addition, as shown in Figure 4 , two H-O surface species of the LM3 intermediate can undergo H-migration via TS5 with a reaction barrier of 25.1 kcal/mol, leading to the H 2 O-containing LM6 intermediate with an endothermicty of 18.0 kcal/mol. Forming and breaking O-H bonds in TS5 are 2.015 and 2.506 Å, respectively. Due to the formation of an H 2 O species along with the reduction of Ce 4+ to Ce 3+ , an oxygen vacancy is generated, followed by barrierless H 2 O desorption from LM6. The process produces the non-stoichiometric CeO 2 (P2) with the adsorbed S species and an oxygen vacancy. An overall endothermicity of this process is only 1.7 kcal/mol. As presented in Figure 4 , the OHcontaining LM3 intermediate can undergo an H 2 -forming process giving LM7 via TS6 with a reaction barrier of 55.7 kcal/mol; this suggests that the H 2 -elimination pathway is less favorable than the two processes. The weakly bound H 2 species of LM7 can barrierlessly desorb to produce H 2 + CeO 2 S (P3) with an endothermicity of 20.2 kcal/mol. Under SOFC operating conditions, formation of H 2 O instead of H 2 is more likely. The result of this molecular-level study indicates that the SO 2 -forming process is the most probable reaction pathway from the H 2 S-CeO 2 interaction. To simulate the H 2 S-CeO 2 interactions under SOFC operating conditions, molecular dynamics (MD) simulations will be carried out in a future study. In addition to the mechanistic studies, in order to guide a future surface vibrational spectroscopic study, the vibrational frequencies for the adsorbed species on the CeO 2 (111) surface were estimated as summarized in Table 3 . The calculated frequencies of LM1 with 2511, 2451, and 1226 cm -1 are assigned to asymmetric, symmetric, and bend modes of adsorbed H 2 S species, respectively. Comparing with the experimental and calculated frequencies of gas-phase H 2 S summarized in Table 1 59 while those at 744 and 607 cm -1 are related to S-surface vibration modes. For LM7, its H-H stretching mode with 4344 cm -1 is close to that of gas-phase H 2 as compiled in Table 1 , implying that LM7 has the characteristics of the products and the 401 cm -1 may be assigned to the S-surface vibration mode.
Conclusion
The interactions of H 2 S with CeO 2 (111) have been elucidated using periodic DFT calculations. Three types of sulfur-containing species (H 2 S, SH, and atomic S) were initially employed to locate plausible intermediates. It was found that H 2 S, SH, and S preferentially adsorb on the Ce-top, O-top, Ce-O bridge sites with adsorption energies of -3.5, -34.4, and -54.5 kcal/mol, respectively. PESs for the H 2 S/CeO 2 (111) interactions have been constructed. The reaction barriers of the H 2 S dehydrogenation processes producing SH + H and S + 2H are quite small, 1.9 and 8.4 kcal/mol, respectively, while their exothermicities are -4.6 and -29.9 kcal/mol, respectively. In addition, the surface adsorbates formed through the dehydrogenation processes can further react with oxygen anions (O 2-), producing H 2 O and SO 2 under SOFC operating conditions. According to our MEP calculations, the SO 2 -forming pathway may be the key product channel, similar to the previous studies 54, 55 
